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We report here the first coupling of fast GC to IRMS, in a
system capable of 250 ms peak widths (fwhm) at 1 mL/
min flow rates, one-fifth as narrow as any previously
reported GCC-IRMS system. We developed an optimized
postcolumn interface that results in minimal peak broad-
ening, using a programmable temperature vaporization
injector in place of a rotary valve or backflush system to
divert solvent, a narrow capillary combustion reactor
followed by a cryogenic water trap with narrow-bore
(<0.20 mm i.d.) transfer lines, and a narrow i.d. open
split to the IRMS directly inserted into the column
effluent. Quantitative combustion was demonstrated with
CH4 injections. A comparison of CO2 injections with
different fwhm peak widths (250, 2500, and 7500 ms)
showed similar precisions, SD(δ13C) ) 0.2-0.3‰, for
injections of >600 pmol C on column; precision for the
narrow peaks (250 ms) was considerably better for
injections <150 pmol C on column. SD(δ13C) < 1‰ was
achievable for injections of 5-15 pmol on column for 250
ms wide peaks, 10-fold better precision than 2500 ms
wide peaks, and within a factor of 3 of the counting
statistics limit. For a mixture of 15 fatty acid methyl esters
(FAME), 1.5 nmol C of each on column yielded typical
SD(δ13Cpdb) ) 0.4‰ for fast GC and 0.5‰ for conven-
tional GC. For 14 of the 15 FAME, δ13C values between
the two systems were within ( 1.5‰ and not significantly
different. Fast GCC-IRMS required one-third the run time
(450 s vs 1400 s) to achieve comparable resolution. Mean
peak widths for fast GCC-IRMS of the FAME were 720
ms, compared to 650 ms by fast GC with flame ionization
detection. At a 15-fold dilution (100 pmol C on column
for each FAME), fast GCC-IRMS achieved ∼2-fold better
precision and accuracy than similar injections on con-
ventional GCC-IRMS. Finally, a mixture of 10 steroids (∼7
nmol C (100 ng) each on column) was analyzed with mean
precision of SD(δ13C) ) 0.2‰ in 620 s by fast GCC-IRMS,
while conventional GCC-IRMS required 1200 s and
achieved poorer resolution. δ13C values for the two system
were similar (∆δ13C e 2‰ for all steroids), indicating that
accuracy is not compromised. In summary, fast GCC-
IRMS can achieve similar precision to conventional GC
with considerable time savings for standard sample sizes
(>1 nmol C) and achieves modest precision (∼1‰) near
the counting statistics limit on low level components.
The utility of gas chromatography combustion isotope ratio
mass spectrometry (GCC-IRMS) for high precision compound-
specific isotope analysis is well documented in the recent
literature.1-3 In comparison to elemental analysis (EA)-IRMS and
dual inlet IRMS, GCC-IRMS requires lower levels of analyte
(nanomoles vs micromoles of C) and provides the convenience
of on-line isolation of components.3 Commercial GCC-IRMS
systems for 13C/12C analyses first became available in the late
1980s, and the next decade saw several papers investigating
fundamental analytical questions such as the effects of instru-
mental stability,4 standard introduction strategies,5-7 chromatog-
raphy parameters,8 data processing algorithms,9-11 and the com-
bustion interface12-14 on precision and accuracy. In recent years,
GCC-IRMS for carbon isotope analyses has matured and the
majority of literature has focused on applications rather than
fundamental aspects.1,15 The transition of GCC-IRMS from special-
ized to routine brings with it the demands inherent to other routine
analyses, e.g., faster run times, higher throughput, and lower
costs. Most GCC-IRMS analyses are performed with conventional
capillary GC columns (0.25-0.32 mm i.d.), which require run
times of 20-40 min. Narrow-bore fast GC columns (0.10-0.20
mm i.d. columns) routinely achieve run times <10 min when
coupled to flame ionization detector (FID) or time-of-flight (TOF)
MS detection, but there is little in the literature to suggest whether
coupling fast GC to IRMS is appropriate or feasible.
The shorter run times associated with fast GC are due to the
smaller total internal volumes of the columns which result in short
hold-up times and permit higher linear velocities and faster ramp
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rates.16 Fast GC typically generates peak widths of 200-1000 ms
(fwhm) in comparison to >1 s wide peaks associated with
conventional GC.17,18 In addition, fast GC can yield improved
sensitivity due to the diminished band broadening of the eluting
peak; a fast GC peak will be narrower and more intense than
conventional GC peaks, which results in a proportional improve-
ment in sensitivity when used with fast, nonspecific detectors such
as an FID.
While the coupling of fast GC to IRMS could offer considerable
time savings, the concept presents several analytical challenges.
Accurate determination of isotope ratios in GCC-IRMS demands
that components be baseline resolved,19 which means that the
separation of the narrow, fast GC peaks must be preserved
postcolumn. For any fast GC application, the physicochemical
nature and the mechanical design of the detector must be
amenable to narrow peaks and introduce no broadening or
distortion, and a sufficiently fast data logger must be employed.20
In the context of GCC-IRMS, it is appropriate to consider the entire
post-GC interface (combustion, water trap, transfer lines, open
split, IRMS) as the detector. The physicochemical mechanism of
GCC-IRMS detection (combustion and electron impact-MS (EI-
MS)) should be sufficiently rapid for fast GC peaks. The gas-phase
combustion process occurs on the millisecond time scale and has
proven appropriate for fast GC detection in the form of the FID,20
and EI-MS is appropriate for peaks <50 ms wide (fwhm) for
nonscanning detectors, e.g., TOF-MS.18
A greater concern is that the design of a typical post-GC
interface has an internal volume approaching that of a fast GC
column and thus may cause significant extra-column broadening.
Many commercial interfaces are similar to that described by
Werner and colleagues14 based on earlier work by Merritt et al.,13
and use a 0.5 mm i.d. or greater diameter tube reactor for
combustion, and a backflush system to divert the solvent.
Goodman compared this approach to a continuous capillary design
that used a rotary valve to divert the solvent,12 using GC-FID and
GCC-IRMS chromatograms of alkanes to evaluate peak broaden-
ing. Careful evaluation of those data show that a 1200 ms (fwhm)
chromatographic peak detected by FID was broadened to 1450
ms when measured by continuous capillary GCC-IRMS and to
1800 ms when measured by the commercial system. Assuming
that the additional components resulted in Gaussian broadening,
thus the variances describing the interaction of the various
components are additive, we calculated that the minimum attain-
able peak widths for the continuous capillary and conventional
interfaces are ∼800 and ∼1340 ms, respectively. Both of these
approaches would result in noticeable broadening for fast GC
peaks (fwhm <1s). There are no studies addressing which
components in each system are responsible for the observed
broadening, and it is not clear if further improvements are feasible.
A secondary concern associated with coupling fast GC to IRMS
is that the sample capacity of narrow-bore columns is lower than
that of conventional columns. Column capacity is proportional to
the column cross-sectional area and the film thickness. Narrow
bore typically use thin films (df ) 0.10-0.15 µm) such that column
capacity for most 0.10 mm i.d. columns is around 10 ng per
compound, 30-fold less than comparable 0.32 mm columns. High
precision isotope ratio measurements are well-known to have
much higher sample size demands than GC-MS; a typical
benchmark is 1 nmol of C on column to achieve a precision of
SD(δ13C) ) 0.2‰. Therefore, compromises must be made in the
choice of fast GC column to ensure that there is adequate capacity
for the analyte.
We report the construction of a high precision fast GCC-IRMS
interface from conventional GC components of reduced diameter,
optimized for retention of fast GC peak widths and shapes. We
evaluate minimal peak widths possible with the interface and test
the system with mixtures of fatty acid methyl esters (FAME) and
underivatized steroids. Finally, we investigate the ability of the
system to achieve high precision at lower sample sizes compared
to conventional interfaces.
EXPERIMENTAL SECTION
Chemicals and Standard Mixtures. High purity and UHP
He, UHP N2, air, and CO2 (99.9%) were purchased from Airgas
East (Salem, NH). The FAME mixture was a commercial standard
“68A” (Nu-Chek-Prep; Elysian, MN) containing 19 FAME (16:0
at 10% by weight; 14:0, 14:1, 16:1, 18:0, 18:1, 18:2, 18:3, 20:0, 20:1,
20:2, 20:3, 20:3, 20.4, 22:0, 22:1, 22:6, 24:0, 24:1 at 5% by weight).
To this was added methyl 17:0 and methyl 23:0 (Nu-Chek Prep,
Elysian, MN), and the standard was prepared in heptane to yield
approximate final concentrations of: 17:0, 23:0 ) 6000 ng/µL, 16:0
) 600 ng/µL, all other FAME ) 300 ng/µL
For the steroid analyses, a mixture of arbitrary steroids
with a range of retention times was made, with the following
abbreviations: 3â-hydroxy-5R-androstane, OH-Andro; 19-noretio-
chonanolone, 19-NA; etiocholanediol (5â-androstan-3â,17â-diol),
Etio; dehydroepiandrosterone, DHEA; androsterone, Andro; 11-
ketoetiocholanolone, 11-keto; 5â-pregnane-3R,20R-diol, 5âP; 5R-
cholestane, Chln; 5â-pregnan-3R,17,20R-triol, Preg; cholesterol, Ch-
OH. All steroids were at 99% purity, and were purchased from
Steraloids (Newport, RI) with the exception of 5âP which was
purchased from Acros Organics USA (Morris Plains, NJ). The
standard mixture was prepared in 2-propanol (Mallinckrodt Baker)
with 100 ng/µL of each component.
Conventional GCC-IRMS System. The conventional GCC-
IRMS system has been described in detail previously.21 Briefly,
an HP 5890 GC with split/splitless injector and a Varian 8200
autoinjector was coupled via a combustion reactor to a Finnigan
MAT 252 (Bremen, Germany) run in high linearity mode. The
GC effluent entered a four-way rotary valve which permitted
venting of solvent to prevent premature depletion of the combus-
tion reactor. The effluent from the capillary column was connected
via Valco (Houston, TX) stainless steel ZDV fittings to a 30 cm ×
0.5 mm i.d. alumina combustion tube loaded with a twisted strand
of 20 cm × 0.1 mm Cu, Pt, and Ni wires. The combustion tube
was resistively heated to 950 °C by a 30 cm Thermcraft furnace
(Winston Salem, NC) and periodically recharged with oxygen via
the auxiliary line of the rotary valve. Following combustion, the
effluent was dried in a Nafion water trap (dimensions ) 10 cm ×
0.8 mm i.d.). The dried effluent was admitted to the IRMS through
(16) Korytar, P.; Janssen, H. G.; Matisova, E.; Brinkman, U. A. T. TrAC, Trends
Anal. Chem. 2002, 21, 558-572.
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(18) Mastovska, K.; Lehotay, S. J. J. Chromatogr. A 2003, 1000, 153-180.
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(20) von Muhlen, C.; Khummueng, W.; Zini, C. A.; Caramao, E. B.; Marriott, P.
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a 0.70 m × 0.075 mm open split directly inserted into the post-
water trap transfer line. The post GC transfer lines were 0.32 mm
i.d. fused silica (FS) capillary and had a total length of ∼2 m. The
IRMS was operated at a source pressure of 1 × 10-6 Torr and
had an absolute sensitivity of ∼3000 molecules/ion as estimated
from CO2 injections. All connections were made with Press-Tight
connectors (Restek; Belafonte, PA).
Fast GCC-IRMS System. The optimized fast GCC-IRMS
system also used the FMAT 252 IRMS and was similar to the
conventional system with the following modifications. (1) The GC
was a Varian 3800 with programmable temperature vaporization
(PTV) injector. (2) No postcolumn rotary valve was employed.
(3) The combustion tube was 40 cm × 0.25 mm i.d. FS capillary
loaded with a single strand of 20 cm × 0.1 mm i.d. Cu wire. The
combustion capillary was inserted into a 30 cm × 0.5 mm i.d.
ceramic tube and connected on either side for mechanical
stabilization, as described by Goodman.12 (4) The postreactor
transfer line was 2 m × 0.15 mm capillary. (5) The Nafion water
trap was replaced with a cold trap (dry ice in acetone) with the
cooled zone of the transfer line ∼30 cm in length. (6) Oxygen
recharging of the combustion reactor required the physical
removal of the reactor capillary to GC effluent by disconnection
of the Press-Tight junction and attachment of the reactor capillary
to an oxygen flow.
Data Collection and Processing. Data were collected from
the FMAT 252 using SAXICAB,22 a home-built LabVIEW-based23
IRMS data acquisition and data reduction system. Three 24-bit
National Instruments (Austin, TX) NI4351 digitizers were used
to simultaneously monitor the m/z ) 44, 45, and 46 cups after
the head amplifiers with >99% duty cycle. The data was collected
at 50 Hz, and consecutive points were averaged to reduce the
size of the files by half and the effective data acquisition rate to
25 Hz. For both fast and conventional GC-FID experiments, FID
data was collected by a NI4351 digitizer at 60 Hz and processed
by SAXICAB.
Tobias and Brenna previously reported peak broadening during
D/H analyses on the m/z ) 2 cup caused by the high impedance
and resulting high RC time constant.24 In our CO2 analyses, the
amplifier circuit capacitance is 1 pF, and the RC time constants
for the 44 (feedback resistor ) 300MΩ), 45 (30GΩ), and 46
(100GΩ) cups are 3, 30, and 100 ms, respectively. Again assuming
Gaussian summation of peak widths, noticeable broadening for
200-1000 ms fast GC peaks would be a problem only for the 46
cup. To avoid this, the 46 cup feedback resistor was replaced with
a 30 GΩ resistor. All data sets were processed using SAXICAB
using the individual summation method, adapted from Ricci et
al.11 The data point before and after the peak start were used to
define the “beginning background” and “end background” data
points, and a straight line was drawn between the two points to
define the background.
A minor modification to the usual data reduction algorithm
was necessary in order to correctly account for the time shift
between the 44CO2 and 45CO2 peaks. In conventional GC, the
difference in retention times between the two peaks, ∆tR, is
determined by least-square parabolic fit of points around the peak
maxima. The integrated 44 area is then corrected by addition of
the term, ∆tR(44In+1 - 44I1), where 44In is the signal intensity at
time point n, and the peak is integrated from 44I1 to 44In. This
approach relies on a linear interpolation of the signal on either
side of the peak and also requires ∆tR be less than the bin size
(i.e., (sampling rate)-1). In our fast GC work, the time between
points was 40 ms, and the typical time shift was 40-80 ms (1-2
data points). Time correction using the conventional algorithm
resulted in poor precision and accuracy. Instead, we shifted the
integration and background windows on the 45 trace by ∆tR. In
the typical case where ∆tR was fractional, the signal intensity on
the 45 trace at a fractional data point was determined by linear
interpolation between the adjacent data points.
High precision isotope ratios are expressed in the delta (δ13C,
‰) notation. δ13C of the CO2 injections were calculated using
pulses of CO2 gas that had been isotopically calibrated to the
VPDB reference via isotopically calibrated condensed phase
FAME standards.5 The contribution of 17O to the 45CO2 signal was
taken into account by the method of Santrock et al.25 No outliers
were excluded from the reported data.
Precision as a Function of Peak Area for Varying Peak
Widths. Peak widths of 250, 2500, and 7500 ms on the fast GCC-
IRMS system were generated by using FS capillaries of differing
dimensions, 2 m × 0.1 mm, 30 m × 0.32 mm, and 30 m × 0.53
mm, respectively, between the injector and reactor. The flow rate
measured before the open split was adjusted to ∼1 mL/min for
the 250 and 2500 ms peaks, and ∼0.5 mL/min for the 7500 ms
peak. CO2 injections were performed by hand, and the split ratio
(20:1-500:1) and injection size (0.5-50 µL) were varied to yield
peak areas between 0.01 and 80 nC. Between 50 and 100 injections
were performed for each peak width.
Comparison of FAME Analyses by Conventional and Fast
GCC-IRMS. The FAME standard was prepared from the com-
mercial 68A standard and the 17:0 and 23:0 FAME in heptane to
yield approximate final concentrations of: 17:0, 23:0 ) 6000 ng/
µL, 16:0 ) 600 ng/µL, all other FAME ) 300 ng/µL. Injections
were 1 µL, split 15:1.
For conventional GCC-IRMS, a 30 m × 0.32 mm × 0.25 µm
BPX-70 (70% cyanopropyl) column was used (SGE; Australia). The
oven program was 50 °C (initial, hold 2 min) to 170 °C (50 °C/
min, no hold) to 250 °C (4 °C/min, hold 4 min). The injector was
held at 250 °C. The FAME mixtures were injected split at 15:1.
The GC was operated in constant pressure mode, and the head
pressure was adjusted such that the flow rate at 200 °C was 1
mL/min.
For fast GCC-IRMS and fast GC-FID of FAME, a 15 m × 0.15
mm × 0.15 µm Varian VF-23ms (70% cyanopropyl) was used. The
oven parameters were 50 °C (initial, hold 3 min) to 150 °C (80
°C/min, no hold) to 230 °C (30 °C/min, hold 2 min). The PTV
injector parameters were 50 °C (initial, hold 0.5 min) to 250 °C
(150 °C/min). The sample was injected on the cool PTV with the
split at 1000:1 to purge the solvent. The split was reduced to 15:1
at 0.4 min while the analytes were vaporized, and returned to 300:1
at 3 min to purge the injector during the column temperature
program. At the end of the run, the PTV injector was cooled by
a CO2 jet that was turned on and off by an electronically actuated(22) Sacks, G. L.; Brenna, J. T.; Sepp, J. T. Proceedings of ASMS Conference,
Chicago, IL, 2001.
(23) National Instruments, Austin, TX, 2000.
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1448.
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valve. The GC was operated in constant flow mode (1 mL/min).
Because of the multiple changes in column diameter after the GC,
we found it necessary to input column dimensions that would
achieve a particular flow rate as measured at the post-GC interface
outlet, rather than the actual column dimensions. Also, the Varian
8200 autosampler syringe (SGE; Australia) leaked when inserted
through the septum at column head pressures over ∼30 psi.
Therefore, we performed injections with the head pressure at 25
psi and ramped the head pressure immediately after the injection.
Comparison of Underivatized Steroid Analyses by Con-
ventional and Fast GCC-IRMS. A steroid standard mixture was
prepared with 100 ng/µL per component in 2-propanol. One
microliter of the mixture was injected on column for both
conventional and fast analyses.
For conventional GCC-IRMS, a Varian 25 m × 0.25 mm × 0.25
µm VF-5ms (5% phenyl) column was used. The oven program
was 80 °C (initial, no hold) to 265 °C (70 °C/min, hold 4 min) to
330 °C (2 °C/min). The injector was held at 310 °C. Injections
were performed splitless, and the purge was turned at 0.89 min.
The GC was operated in constant pressure mode, and the head
pressure was adjusted such that the flow rate at 80 °C was
1.1 mL/min.
For fast GCC-IRMS and fast GC-FID of the underivatized
steroids, a 20 m × 0.15 mm × 0.60 µm Varian VF-5ms (5% phenyl)
column was used. The oven parameters were 80 °C (initial, hold
3 min) to 320 °C (90 °C/min, no hold) to 360 °C (5 °C/min, hold
2 min). The PTV injector parameters were 80 °C (initial, hold 0.5
min) to 320 °C (150 °C/min). The sample was injected on the
cool PTV with the split at 1000:1 to purge the solvent. The purge
was turned off at 0.4 min while the analytes were vaporized, and
returned to 300:1 at 3 min to purge the injector during the column
temperature program. The GC was operated in constant flow mode
(1 mL/min), with similar considerations for the column pressure
as for fast GCC-IRMS of FAME.
RESULTS AND DISCUSSION
Minimizing Band Broadening Effects in Combustion
Interface. The components that interface the GC to the IRMS
are (a) solvent diversion, (b) combustion reactor, (c) transfer lines,
(d) water trap, and (e) open split. Other than considerations
associated with the single capillary interface, there is no extant
literature on the postcolumn band broadening effects of the GCC-
IRMS interface effects.
The components used in three interface designs are sum-
marized in Table 1: A conventional commercial design, the
continuous capillary design, and finally a fast GCC-IRMS interface
developed in the present work by optimization of all of the
listed components. Because many of the interface components
have open-tubular capillary geometries, the minimal attainable
peak width could in principle be calculated by determining the
plate height, H, from the Golay equation for an unretained
component:26
where DM is the diffusion coefficient of the analyte, u is the linear
velocity of the carrier gas, and r is radius of the capillary. H can
then be substituted into:
to yield w1/2, the full width half-maximum (fwhm) of the resultant
peak, where t0 is the hold up time, and L is the length of the
capillary. The initial peak width of the analyte is assumed to be
zero. For simple systems in which temperature and band com-
position is constant, it is possible to calculate the broadening
associated with any interface design from theoretical consider-
ations alone. However, accurate calculations applied to the present
system is not possible because DM depends including the system
temperature and the analyte:27 calculating DM under combustion
conditions, where both the chemical nature of the analyte and
the temperature are not constant over the length of the reactor,
would be nontrivial and require detailed experimental results.
Similar difficulties exist for other system components. It was
therefore necessary to determine the individual impact of each
system component empirically. A summary of the broadening
associated with each component is shown in Table 2 at a column
flow rate of 1 mL/min. We consider features in this table as
follows.
Solvent Diversion. Typical GCC-IRMS injection sizes are 1 µL
solvent (∼50 µmol C). If the entire solvent load is allowed to enter
the combustion reactor, then the oxygen will be rapidly exhausted.
In most commercial systems, solvent is diverted by means of a
(26) Braithwaithe, A.; Smith, F. J. Chromatographic methods, 5th ed.; Kluwer
Academic Publishers: Netherlands, 1996.
(27) Fuller, E. N.; Schettle.Pd; Giddings, J. C. Ind. Eng. Chem. 1966, 58, 19-
26.
Table 1. Comparison of GCC-IRMS Combustion Interface Components Used in Commercial, Continuous Capillary,
and fast GCC-IRMS Systemsa
function commercial GCC-IRMS continuous-capillary fast GCC-IRMS
solvent diversion backflush system rotary valve PTV injector
combustion reactor 0.5 mm i.d. ceramic tube with
oxidized metal (e.g Cu, Ni)
0.32 mm i.d. FS packed with
0.1 mm (×2) Cu strand
0.25 mm i.d. FS packed with
0.1 mm (×1) Cu strand
transfer lines 2 m × 0.32 mm i.d. FS 2 m × 0.32 mm i.d. FS 2 m × 0.10 mm i.d. FS
water trap Nafion Trap cold trap cold trap
open split Partially closed glass capillary and
1.5 m × 0.1 mm FS tubing to IRMS
2 m × 0.1 mm FS inserted into
column effluent




>1 s ∼0.8 s 0.25 s








w1/2 ) 2.355(HL )
1/2
t0 (2)
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backflush system,13 with T-connectors before and after the
combustion reactor. As an alternative, a four-way rotary valve
directs the column effluent to either a vent or to the combustion
interface and IRMS,21 as has been in routine use in our laboratory
for more than a decade.
Recently, Flenker proposed another option for solvent diversion
that requires no extra connections.28 The sample is injected onto
a cooled programmable temperature vaporization (PTV) injector
in split mode to purge the solvent. The split is turned off and the
PTV temperature ramped to transfer the analytes to the column.
The solvent load is thus vented out the septum purge, and no
connections to components prior to the combustion reactor are
required. To test the broadening associated with the rotary valve,
we performed injections of CO2 into the IRMS via a transfer line
or via a transfer line interrupted by a Valco four-position rotary
valve. Peak widths (fwhm) of 242 ms were achievable without the
rotary valve, compared to 296 ms with the rotary valve in place.
Back calculating the broadening associated with the rotary valve
using an equation analogous to eq 1, the minimum obtainable peak
width with the rotary valve in place is thus 159 ms. Peak
broadening from Valco rotors has been observed before in fast
GC29 presumably due to the internal volume of the rotor channels.
We did not have access to a commercial backflush system;
however, the T-connections are expected to result in noticeable
broadening.
The PTV injector approach for diverting solvent is thus highly
advantageous because it adds no extra components; however,
there are caveats associated with its use. This approach can only
be used for analytes with substantially higher boiling points than
the solvent, so that the analyte is quantitatively retained in the
cool injector while the solvent is purged. Minor analyte losses
are likely to induce an unacceptable degree of isotopic fraction-
ation in the remaining analyte loaded on the column. In addition,
in our design, recharging the combustion reactor with O2 is more
inconvenient, as the combustion capillary must be physically
disconnected from the GC effluent and attached to an auxiliary
O2 source.
Combustion Reactor. Commercial systems typically employ 20-
40 mm long by 0.5 mm or wider i.d. ceramic or quartz tubes
loaded with CuO, NiO, or ZnO, which are then connected in series
to the column effluent.13 The single capillary design replaces the
ceramic tube with a continuous 0.32 mm FS capillary, where the
combustion region was loaded with two strands of 0.1 mm Cu
wire and oxidized in situ. Further improvements in peak width
were achieved by a using 30 cm × 0.25 mm i.d. FS capillary loaded
with a single strand of 20 cm × 0.1 mm Cu wire for the combustion
zone. Hand-loading the narrow capillary requires some degree of
dexterity, patience, and eyesight. The narrow-bore furnace was
more fragile than the 0.32 mm i.d. capillaries typically used in
our lab upon heating, but this property was not investigated
rigorously.
The furnace temperature was set at 950 °C. While this
temperature has been recommended for quantitative combustion
of CH4, it also results in more rapid reduction of the CuO. This
was particularly noticeable for the fast GCC-IRMS system, likely
because it had only a single strand of Cu and thus lower O2 storage
capacity. To prevent depletion of the oxygen source, the furnace
was recharged every 24-48 h.
We performed injections of CH4 (detected by FID) with a
transfer line connected (a) directly to the FID, (b) via a 30 cm ×
0.32 mm i.d. FS with two Cu wire strands, or (c) via a 30 cm ×
0.25 mm i.d. FS loaded with one Cu wire strand. The minimal
attainable peak width is 174 ms using 0.25 mm i.d. reactor, and
298 ms using a 0.32 mm i.d. reactor, as shown in Table 2.
Water Trap. Water must be removed from the postcombustion
effluent stream to prevent protonation of CO2 in the source and
loss of accuracy or precision; this is most commonly achieved
(28) Flenker, U.; Hebestreit, M.; Pipert, T.; Hulsemann, F.; Schanzer, W. Anal.
Chem. 2007, submitted.
(29) Gross, G. M.; Prazen, B. J.; Grate, J. W.; Synovec, R. E. Anal. Chem. 2004,
76, 3517-3524.




σ, minimum fwhm attainable
with component (ms)b
Furnace (CH4 detected at FID)
no furnace 174 N/A
+ 30 cm × 0.25 mm FS with 0.1 mm Cu wire (1) 246 174
+ 30 cm × 0.32 mm FS with 0.1 mm Cu wire (2) 345 298
Solvent Diversion (CO2 detected at IRMS)
no rotary valve (PTV injector) 242 N/A
+ rotary valve 296 159
Water Trap (CO2 detected at IRMS)
no Nafion trap (cold trap) 242 N/A
20 cm × 0.8 mm Nafion trap 1650 1630
Transfer Lines (CH4 detected at FID)
2 m × 0.1 mm FSc 120 120
2 m × 0.32 mm FS 760 760
Open Split
No open split (CH4 detected at FID) 246 N/A
inserted 0.1 m × 0.05 mm FS (CO2 at IRMS) 277 127
inserted 2 m × 0.10 mm FS (CO2 at IRMS) 307 183
a Measured with either FID or IRMS detection, and σ was calculated by assuming Gaussian broadening. b The minimal attainable peak width
with our fast GCC-IRMS system was ∼250 ms. c FS ) fused silica capillary.
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through a Nafion or cryogenic trap. We have been successful in
quantitatively removing water with a 20 cm × 0.8 mm Nafion tube.
In our hands, injections of CO2 (detected at the IRMS) showed
that addition of a 20 cm × 0.8 mm i.d. Nafion trap results in a
minimal peak width of >1600 ms. In contrast, a length of narrow-
bore capillary inserted into a cryotrap would not require connec-
tions or i.d. changes and should optimally retain chromatographic
quality. Considerations for improvements are similar to those
discussed for transfer lines.
Transfer Lines and Connectors. Typically, 1-3 m of 0.32 mm
i.d. FS is used for transfer lines between the reactor and the water
trap and open split. Two meters of 0.32 mm i.d. FS capillary
resulted in peak widths of 760 ms and likely accounts for most of
the broadening observed previously with the continuous capillary
system. Two meters of 0.1 mm FS capillary resulted in peak widths
of 120 ms, although this number likely reflects broadening
associated with the injector, too. Narrower tubing could in
principle be used but would require undesirably high back-
pressures. Because the reactor diameter is larger than the optimal
transfer line diameter and the GC column, connections must be
used on either side of the reactor. A potential advantage of the
continuous capillary system is that there are fewer connections
and fewer changes in column diameter, both of which could cause
peak broadening. However, in our work, we have observed no
measurable broadening from FS Press-Tight connectors. Matisova
et al. have reported similar results.30
Open Split Design and IRMS. The open split design described
previously12,13 employs a narrow diameter piece of FS capillary
that acts as a capillary leak into the IRMS. The o.d. of the capillary
leak line is narrow enough to permit its insertion directly into
the combustion effluent transfer line. The commercial ConFlo14
system directs the effluent into a partially closed glass tube, with
the capillary leak positioned alongside the interface transfer line.
This arrangement enables facile mixing, variable dilution, and
admission of standard and is advantageous in applications such
as EA-IRMS where band broadening is not a serious consideration.
However, our measurements indicate that the relatively large
mixing volume of the glass tube results in standard pulses
requiring 400 ms to reach half-maximal intensity, which would
limit GC peaks passing through this interface to fwhm of about
800 ms.
For many years, we have employed an open split consisting
of a small capillary that fits inside a large one, jacketed with dry
He gas. Although the open split capillaries are typically narrow
i.d. (0.10 mm), the low flow rates through the leak (∼0.2 mL/
min) exacerbate broadening. Therefore, we compared peak widths
on the IRMS for two open split capillaries (12.5 cm × 0.05 mm
and 2 m × 0.10 mm) which should yield similar leak rates.
Minimal attainable peak widths were calculated by comparing
these widths to GC-FID were determined to be 127 ms for the
0.05 mm i.d. leak and 183 ms for the 0.10 mm i.d.. Because the
residence time in the 0.05 mm i.d. capillary leak is <75 ms, it
seems unlikely that it is singularly responsible for this broadening.
More likely, we think the broadening results from the internal
volume of the IRMS inlet prior to the source, as the open split
flow passes through a changeover valve in our current system.
In practice, we found the 0.05 mm i.d. capillary leak too short to
be practical, since cutting short lengths of the capillary would
significantly change the inlet flow rate. We were able to achieve
comparable peak widths with a 70 cm × 0.075 mm open split.
Minimal Broadening GCC-IRMS Interface and Quantitative
Conversion of CH4. With all these considerations, our minimal
broadening GCC-IRMS was constructed as follows: A PTV injector
connected to a 2 m × 0.1 mm FS capillary (w1/2 ) 124 ms)
simulated a column. The capillary was connected to a 30 cm ×
0.25 mm reactor (w1/2 ) 174 ms) and then to a 2 m × 0.1 mm FS
capillary (w1/2 ) 124 ms) with an in-line cold trap. Connections
on both sides of the reactor were made by press-tight connection.
The 70 cm × 0.075 mm capillary leak was used at the open split
as an inlet (w1/2 ) 127 ms). We observed peak widths as narrow
as 250 ms for both CO2 and CH4 injections, as shown in Figure 1.
Taking the square of the summed variances, the predicted peak
width was w1/2(total) ) 277 ms, very close to our observed value.
This best case resolution was obtained with the PTV used for
solvent diversion; replacing this optimal solution with a rotary valve
for solvent diversion degraded peak widths to a minor degree,
with the minimal attainable fwhm of <300 ms.
Injections of 1 nmol of CO2 and CH4 on column resulted in
similar peak areas, (13 ( 2 nC) for both gases, indicating that
the combustion process was quantitative. Furthermore, the
combustion process does not cause noticeable broadening, as the
CO2 and CH4 peak shapes and widths are quite similar. This is
not surprising, as combustion of methane occurs on the low
millisecond time scale, and the FID is known to be compatible
with ultrafast GC peaks as narrow as 3 ms.29
Effects of Peak Width on GCC-IRMS Accuracy and Preci-
sion. To ascertain that high precision and good accuracy could
be achieved with fast GC peaks over a wide dynamic range, we
performed injections of a CO2 standard gas with three columns
of different i.d.’s and lengths to generate three different peak
widths: 250, 2500, and 7500 ms. The injection size and injector
split ratio were varied to generate peak areas of 0.01-80 nC.
Taking into account the absolute sensitivity of the instrument
under our high linearity mode operating conditions (∼3000
molecules/ion), this corresponds to 0.3-2500 pmol C entering
the IRMS or 1.5-12500 pmol C on column, considering the open
split ratio (0.2:1.0). A potential drawback to fast GCC-IRMS is that
(30) Matisova, E.; Simekova, M.; Hrouzkova, S.; Korytar, P.; Domotorova, M. J.
Sep. Sci. 2002, 25, 1325-1331.
Figure 1. 44CO2 and 45CO2 traces of an unretained CH4 peak in
the fully optimized fast GCC-IRMS system, showing 250 ms wide
peaks (fwhm). Data acquisition was at 25 Hz (40 ms per data point).
System parameters: 1 m × 0.10 mm FS capillary to 30 cm × 0.25
mm FS reactor (CuO, 950 °C) to 1.5 m × 0.10 mm FS transfer line
with in-line cold-trap (dry ice + acetone). Open split (70 cm × 0.075
mm FS) was inserted directly into transfer line effluent. Flow rate )
1 mL/min.
Analytical Chemistry, Vol. 79, No. 16, August 15, 2007 6353
the amplifiers are saturated at relatively low signal areas. With
the 10 V maximum of the FMAT 252 cups, the maximum peak
area for the 44 trace that maintains the 45 trace on scale for our
fastest GCC-IRMS peaks (250 ms) is ∼2 V‚s, or 6.6 nC. This
limitation can be overcome by replacing the feedback resistors
with lower impedance values. Also, newer commercial IRMS
systems have Faraday cups that can measure up to 50 V.
∆δ13C values were normalized with respect to the mean value
for all injections, which was taken as δ13C ) 0‰. Plots of ∆δ13C
vs peak area for the three peak widths are shown in Figure 2. At
sufficiently high sample levels (>4 nC), the precision converges
on 0.2-0.3‰ for all three peak widths. This limit to minimal
achievable precision in isotope ratio measurements has been
termed “signal-independent noise”.4 However, at low signal levels,
we achieved better precision from the narrow 250 ms peaks than
for the wider peaks. This result is more easily appreciated in the
histogram plot in Figure 2. The counting statistics limit to
precision,4 σd, was also included for each histogram category,
given as,
where R is the natural abundance isotope ratio of C (∼0.011), A
is the average peak area of the histogram category (in Coulombs),
and q is the fundamental unit of charge (1.6 × 10-19 C/ion). At
peak areas <1 nC, the narrow 250 ms peaks provide superior
precision to wider peaks, and are within a factor of 3 or less of
the counting statistics limit. For example, for the peak area range
of 0.03-0.10 nC (∼1-3 pmol C to the IRMS), the counting
statistics limit is 0.7‰ and the experimentally measured precisions
are 0.9‰, 12.0‰, and 40.4‰ for the 250, 2500, and 7500 ms peaks,
respectively. For the peak area range of 0.2-0.5 nC, the counting
statistics limit is 0.3‰ and the experimentally measured precisions
are 0.4‰, 2.2‰, and 14.6‰ for the same peaks. In general, for
low levels of signal, we observe that the precision scales inversely
to the peak width, e.g., the 250 ms peak achieves ∼10-fold better
precision than the 10-fold wider 2500 ms peak, and ∼30-fold better
precision than the 30-fold wider 7500 ms peak.
The observation that narrow GCC-IRMS peaks yield better
precision than wider peaks at very low signal levels is previously
unreported to our knowledge. The current literature on GCC-
IRMS precision at subnanomolar levels C is sparse. Merritt, et
al. reported precisions within a factor of 2 of the counting statistics
limit for serial dilutions of CH4 down to 10 pmol to the IRMS.4
This would translate to 1 nC at the reported absolute sensitivity
of 700 molecules/ion. In the present work, conventional 2500 ms
GC peaks were within a factor of 4 of the counting statistics limit
for peak areas 1-8 nC, and <1 nC marks the transition where
we start to observe a steep decrease in precision for conventional
Figure 2. At low signal levels, narrow peaks result in improved precision. (left) For CO2 injections, normalized δ13C vs peak area as a function
of peak width (250, 2500, and 7500 ms). (right) Histogram showing precision, SD(∆δ13C), as a function of peak area for the three peak widths.
The theoretical limit based on counting statistics is also plotted. For peak areas over 4 nC (∼600 pmol C on column), precision was 0.2-0.4‰
for all peak widths. For peak areas <1 nC, the narrow peaks (250 ms) were within a factor of 3 of the counting statistics limit, much better than
the broader peaks.
σd ) (q × 2 × 106(1 + R)2AR )
1/2
(3)
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GC peaks. The mechanism for degradation of precision for wider
peaks is not entirely clear. This is not likely because of overlapping
interferences from column bleed or other sources, because the
wide peaks are still accurate even at low signal levels. We also
considered whether the loss in precision may be due to less
reproducible start and stop times for the broader peaks. However,
manually changing the peak start and stop times in the vicinity
around peaks did not change precision significantly. Ricci et al.
observed that while autodefining peaks results in better precision
compared to manual definition, the improvement was modest11
and would not explain >10-fold differences in precision.
Another possibility is that the loss of precision is due to
uncorrelated baseline noise in the 44 and 45 traces. We encoun-
tered similar circumstances to this in our investigation of the
effects of quantization error (bit noise) on GCC-IRMS precision.31
We derived the following expression to calculate the error
associated with the background, σA, for cases when the noise on
the isotopomer traces is uncorrelated:
where σy1 and σy2 are the errors associated with the points selected
to define the background, and W is the total integrated peak width
between time points t1 and t2. This treatment was designed for
cases where the peak areas are calculated by summation and the
subtracted background area is a trapezoid defined by the points
[(t1, 0), (t2, 0), (t2, y2), (t1, y1)]. If the errors for the 44 and 45
traces are uncorrelated, then we can write:
where
and A44, A45 and σ44, σ45 are the background corrected areas and
errors of the 44 and 45 traces, respectively.
The standard deviation can be rearranged into terms of parts
per thousand, which will correlate approximately to per mil at C
natural abundance:
Assuming that the errors at the beginning and end of the
background definition are equal (σyi ) σy2), then substitution of
eq 4 into eq 7 yields:
where σy,44 and σy,45 are the uncorrelated errors of their respective
traces. Intriguingly, the error associated with background cor-
rection is predicted to scale linearly with the integration window
(W), as we observed in Figure 2, as opposed to the square root
of the integration as is seen in many other analytical circum-
stances. This is because any imprecision made in defining the
GCC-IRMS peak background is multiplied through the entire
length of the integration window, without the signal averaging
associated with summing the peak area. While this error will be
imperceptible at high signal-to-noise levels, it may dominate for
sufficiently wide peaks at lower S/N.
In summary, uncorrelated noise between the isotopomer traces
in the points used to define background may explain our empirical
observation that precision scales linearly with peak width. How-
ever, determining the portion of uncorrelated noise on each trace
is not straightforward, and we expect to investigate this matter
further in future studies.
Comparison of FAME Analysis by Fast and Conventional
GCC-IRMS. We ran replicates of FAME standards to test the
performance of the fast GCC-IRMS system under real conditions.
FAME are a common subject of GCC-IRMS analyses, and are
typically run on very polar columns (e.g., BPX-70, DB-23) with
4-5 °C/min temperature ramps.32 For the FAME most commonly
of interest (C14-C22) this results in analysis times of 20-40 min
on conventional columns.
We prepared two concentrations of a FAME mixture, contain-
ing 14:0, 14:1, 16:0, 16:1, 17:0, 18:0, 18:1, 18:2, 18:3, 20:
0, 20:1, 20:2, 20:3, 20:4, 20:3, 22:0, 22:1, 23:0, 24:0, 24:
1, and 22:6. The FAME are listed in their chromatographic
retention order. For the first concentration, the 18 bolded FAME
were at 300 ng/µL, and were the analytes of interest. The methyl
17:0 and methyl 23:0 were at ∼10-fold higher concentration and
used as internal isotopic standards. The second mixture was a
15-fold dilution of the first mixture. For both conventional and
fast analyses, the 1 µL injection was split 15:1. This results in about
1.5 and 0.1 nmol C on column for each bolded component in the
first and second mixtures, respectively.
Polar (70% cyanopropyl) columns were used for both fast (VF-
23ms, 15 m × 0.15 mm × 0.15 µm) and conventional (BPX-70, 30
m × 0.32 mm × 0.25 µm) runs. Temperature programs for the
two columns were similar, but the fast GC column was pro-
grammed at 30 °C/min vs 4 °C/min for the conventional column.
The GCC-IRMS chromatograms are shown in Figure 3. Because
the columns were produced by two different manufacturers, slight
differences were observed in the retention factors for analytes,
but the retention order was identical. The fast GCC-IRMS run
required only 450 s, about 1/3 the time of the conventional analysis
(1400 s). The separation achieved in both runs was comparable:
in fast GC, 21 FAME were separated from ti ) 320 s to tf ) 445
s with an average peak width of 720 ms for the 18 subject peaks;
in conventional GC, the FAME were separated over from ti ) 575
s to tf ) 1375 s with an average peak width of 4.7 s. Defining
peak capacity, k, as k ) (tf - ti)/(fwhm, avg), we note that both
chromatograms have identical capacities of 170 peaks.
Comparison of the fast GCC-IRMS chromatogram to fast GC-
FID (Figure 3, bottom) run under the same conditions reveals
that the optimized combustion interface causes minor but notice-
able broadening. The average peak width for the subject FAME
(31) Sacks, G. L.; Wolyniak, C. J.; Brenna, J. T. J. Chromatogr. A 2003, 1020,
273-282.
(32) Meier-Augenstein, W. Anal. Chim. Acta 2002, 465, 63-79.
σA )
W




) 45Ract ( σobs (5)
σobs )
45Ract × x(σ45A45)2 + (σ44A44)2 (6)
σppt ) 1000 ×
σobs
45Ract
) 1000 × x(σ45A45)2 + ( σ44A44)2 (7)
σppt ) 1000 × W
x2
2 x(σy,45A45 )2 + (σy,44A44)2 (8)
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is 720 ms with GCC-IRMS, and 650 ms with GC-FID. Assuming
the broadening is Gaussian in nature, we can calculate σc ) 310
ms for the combustion interface, slightly worse than the σc ) 250
ms measured with CO2 injections. Despite the minor loss of
resolution for the GCC-IRMS interface, separation for these narrow
peaks would have been completely lost with a conventional
interface.
δ13C values and precisions (SD(δ13C), n ) 3) were determined
for 15 FAME on both systems at the high and low concentrations
and plotted in Figure 4. Mean precisions are reported in Table 3.
22:0, 22:4, and 22:1 were not used because they were poorly
resolved in the conventional GCC-IRMS runs, and 16:0, 17:0, and
23:0 were not used because they were at higher concentration
than the other FAME. At the higher concentration (1.5 nmol C
of each FAME), the agreement between the fast (O) and
conventional (b) GCC-IRMS systems was good. For 14 of 15
FAME, δ13C values were within (1.5‰ and were not significantly
different (p > 0.05) as calculated by Student’s t-test. The mean
precision was SD(δ13C) ) 0.4‰ for fast GC and SD(δ13C) ) 0.5‰
for conventional GC. The precisions are slightly poorer than
benchmark precisions for GCC-IRMS of standards (SD(δ13C) )
0.2‰) but are acceptable considering the low concentration of
analyte (∼1.5 nmol C on column) and modest absolute sensitivity
of our 15-year old IRMS tuned for high linearity.
At the lower concentration (0.1 nmol C on column per FAME),
fast GCC-IRMS (0) performance was superior to conventional
GCC-IRMS (9). At this concentration, the average precision was
SD(δ13C) ) 1.4‰ for fast GC and SD(δ13C) ) 2.2‰ for conven-
tional GC. We also observed a greater degradation in accuracy
for the conventional GCC-IRMS peaks. We calculated a single
accuracy parameter as the root-mean-square differences between
the δ13C values measured for the high and low concentrations of
each FAME, or:
The root-mean-squared accuracy was 1.4‰ for fast GCC-IRMS
and 2.9‰ for conventional GCC-IRMS. The lower concentration
(0.1 nmol C on column, or 20 pmol C to the IRMS) generated
∼0.5-1.0 nC peak areas, around the signal level associated with
improved precision for fast GC compared to conventional GC. The
cause of the increased degradation of precision on conventional
GC compared to fast GC conditions is consistent with that
proposed for the CO2 injections, i.e., uncorrelated noise between
the 44CO2 and 45CO2 traces.
Figure 3. Comparison of conventional GCC-IRMS, fast GCC-IRMS,
and fast GC-FID chromatograms of FAME mixture separated on 70%
cyanopropyl columns. Fast GCC-IRMS runs achieve comparable
separation to conventional runs in 1/3 the time. Retention order of
the FAME was 14:0, 14:1 , 16:0, 16:1, 17:0, 18:0, 18:1, 18:2, 18:3,
20:0, 20:1, 20:2, 20:3 , 22:0, 20:4, 22:1, 20:5, 23:0, 24:0, 24:1, 22:6 .
The peaks used for the precision comparison are in Figure 4 and
Table 3 and are in bold and had a mean peak width by fast GCC-
IRMS of 720 ms fwhm, compared to 650 ms fwhm for fast GC-FID
using the same conditions.
Figure 4. Comparison of δ13C values for fifteen FAME, 1.5 nmol
(circle) or 0.1 nmol (square) as C on column run by fast GCC-IRMS
(open) and conventional GCC-IRMS systems (closed). The legend
for this figure is reported in Table 3.
Table 3. Comparison of Mean Precisions, SD(δ13C), and
Accuracies for Fifteen FAME Runs by Conventional
and Fast GCC-IRMS at Two Different Concentrations.







fast GCb O 1.5 0.4 rms ) 1.4 ‰
0 0.1 1.4
conventional GC b 1.5 0.5 rms ) 2.9 ‰
9 0.1 2.2
a Accuracy is defined in the text as the root-mean-squared difference
(rms) between the high and low concentrations. b Fast GC had better
accuracy and precision than conventional GCC-IRMS for low levels of
analyte on column.
accuracy(δ13C,rms) ) x∑n (δ13C(high) - δ13C(low))2n
(9)
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Analyses of Underivatized Steroids by Fast and Conven-
tional GCC-IRMS. High precision δ13C measurements of urinary
steroids are of interest in antidoping science for the detection of
exogenous testosterone (T) administration in competitive sports.1
The 13C/12C ratio of T metabolites in the urine (e.g., androsterone)
is compared to “endogenous reference compounds”, ERCs, (e.g.,
5â-pregnene-3R,20R-diol), i.e. steroids that are not endogenously
synthesized via T. Typical run lengths for both derivatized and
underivatized steroids are 20-40 min.33
We analyzed a synthetic mixture of 10 steroids (OH-Andro,
19-NA, Etio, DHEA, Andro, 11-keto, 5âP, Ch, Preg, and Ch-OH)
that have been used in doping analysis by both fast and
conventional GCC-IRMS. The mixture, containing 100 ng of each
steroid, was injected splitless. Fast GCC-IRMS using a 20 m ×
0.15 mm × 0.60 µm VF-5ms column achieved near baseline
separation of the 10 steroids in ∼10 min (Figure 5, middle). The
peak widths ranged from 890 to 1700 ms. In comparison,
conventional GCC-IRMS with a 25 m × 0.25 mm × 0.25 µm VF-
5ms column required 20 min to achieve the same level of
separation (Figure 5, top). Also, because of the broadening
associated with the conventional combustion interface, the con-
ventional GCC-IRMS is not able to resolve two of the steroids
(DHEA and Andro) that were resolved in the FID trace. δ13C
values and precisions are listed in Table 4. The mean precision
for both fast and conventional GC was SD(δ13C) ) 0.2‰. A
comparison of values between the two systems shows that
differences in δ13C are e2‰ for all steroids, and e1‰ for six of
the eight steroids. In summary, fast GCC-IRMS provides better
resolution in less time than conventional analyses, with compa-
rable accuracy and precision.
Sample Size and Fast GCC-IRMS. A necessary caveat in
discussing GCC-IRMS is the limits of narrow columns on sample
capacity. In our experiments with FAME using a 0.15 mm i.d.
column with a 0.15 µm coating, we experienced fronting with
>30-50 ng of analyte (2.0-3.5 nmol C) on column. The 0.10 mm
i.d. capillary favored in fast GC-FID applications would have even
lower capacity. By comparison, a 0.32 mm i.d. column with 0.5
µm coating can accommodate ∼10-fold more analyte before
fronting is noticeable. Because the typical specification for a
modern GCC-IRMS system is 1 nmol C to achieve SD(δ13C) )
0.2‰, it may appear that using fast GC effectively cuts the already
narrow dynamic range of GCC-IRMS by 10-fold. However, there
are some mitigating factors.
First, we demonstrate in this paper that while fast and
conventional GCC-IRMS achieve comparable precision at high
levels of signal, at low signal levels the precision scales inversely
with the peak width. For example, fast GC peaks can achieve SD-
(δ13C) < 1.0‰ for peak areas down to 0.03-0.1 nC (5-15 pmol C
on column), more than 10-fold better than conventional GC peaks.
For many natural abundance applications, SD(δ13C) < 1.0‰ is
acceptable, and for tracer experiments SD(δ13C) as high as 100‰
can be still be useful.10 Therefore, in addition to shorter run times,
fast GCC-IRMS may provide better dynamic range for low level
analytes despite sacrificing dynamic range for high concentration
analytes. Also, in cases where precision of SD(δ13C)∼1.0‰ is
acceptable, concentrated samples can be split to achieve resolution
in faster run times.
Second, it is possible to modestly compromise the speed
enhancement of the fast GCC-IRMS by using high phase ratio
(thick film, narrow i.d.) columns to increase column capacity. For
our fast steroid analyses, we used a 0.15 mm i.d. with 0.60 µm
film thickness; this allowed us to inject ∼100 ng of each steroid
on column with minimal fronting. The higher phase ratio requires
higher temperatures and results in slightly worse column ef-
ficiency and slower run times than comparable thin film columns
but still results in faster run times than conventional columns.
Another possibility would be to investigate “multicapillary col-
umns” which bundle several microbore GC columns in parallel,
(33) Venturelli, E.; Cavalleri, A.; Secreto, G. J. Chromatogr. B-Biomed. Appl. 1995,
671, 363-380.
Figure 5. Conventional (top) and fast (middle) GC-C-IRMS chro-
matograms of a 10-steroid mixture on a 95% PDMS/5% phenyl
columns. The letters correspond to Table 3. The 45/44 ratio trace for
the fast GC-C-IRMS chromatogram is shown in the bottom plot. Fast
GC-C-IRMS required about 50% of the run length of a conventional
analysis while achieving comparable precision. The inset demon-
strates that peak widths of <1s (fwhm) are achievable.
Table 4. Comparison of δ13C Values for a Steroid
Mixture between Conventional and Fast GC/C-IRMS,
Corresponding to the Chromatograms in Figure 7a
δ13C ( 1 SD (‰)
peak steroid conventional fast
A OH-Andro -30.3 ( 0.1 -30.2 ( 0.1
B 19-NA -29.7 ( 0.3 -30.2 ( 0.1
C Etio -33.1 ( 0.1 -32.1 ( 0.1
D DHEA n.d. -26.0 ( 0.4
E Andro n.d. -26.6 ( 0.4
F 11-keto -13.7 ( 0.3 -14.7 ( 0.2
G 5âP -30.3 ( 0.1 -30.8 ( 0.2
H Chln -23.8 ( 0.2 -25.8 ( 0.1
I Preg -31.6 ( 0.2 -31.4 ( 0.2
J Ch-OH -20.7 ( 0.2 -22.3 ( 0.4
a Mean precision for both systems was SD(δ13C) ) 0.2‰, and the
difference in δ13C values between the systems was e2‰ for all eight
steroids. δ13C values were not determined for DHEA and Andro on
the conventional system because of coelution. Abbreviations are defined
in the Experimental Section.
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increasing the column capacity while retaining the benefits of a
narrow-bore column.34
Finally, we have not observed that overloaded peaks result in
changes in δ13C values if the ion currents remain on-scale, nor
are we aware of any such reports. While fronting peaks mean a
loss in peak capacity, we were able to achieve good precision even
for grossly overloaded and distorted peaks, e.g., 500 ng of FAME
on the fast 0.15 mm i.d. VF-23ms column.
CONCLUSIONS
We have demonstrated that a carefully optimized GCC-IRMS
system is capable of measuring 250 ms wide chromatographic
peaks (fwhm), one-fifth that of any previously reported GCC-IRMS
peak. Using FAME and steroid standard mixtures, we show that
this fast GCC-IRMS system can achieve equivalent or better
precision (SD(δ13C) ) 0.2-0.5‰) and resolution than conventional
GCC-IRMS with a 2- to 3-fold improvement in run time. δ13C values
measured by fast and conventional systems were within (1.5‰
for 21 of 23 components measured. Although the narrow i.d. fast
GC columns had lower column capacity, at low signals we
observed that narrower peaks yielded better precisions than
conventional GC peaks with comparable peak areas. For peak
areas <0.5 nC, the improvement in precision scaled inversely with
the peak width. Therefore, fast GCC-IRMS may be ideal for
isotopic analyses of trace components where modest precision
(SD(δ13C) g 1.0‰) is acceptable. Finally, the fast GCC interface
reported may also be used for conventional columns to preserve
chromatographic quality.
The fast GCC interface described in this report likely does not
represent the absolute limit in GCC-IRMS peak widths. In
particular, we believe that the current reactor design can be
optimized considerably. The current reactor is 40 cm × 0.25 mm
i.d.; shrinking the dimensions to 0.10 mm i.d. would reduce
broadening but presents technical challenges when one considers
how to include an oxygen source (CuO, ZnO) in such a narrow
capillary. One possibility is to devise a means to coat the inside
of a 0.10 mm i.d. FS capillary with a thin layer of an appropriate
metal. Further improvements could be realized by minimizing
broadening caused by the IRMS inlet; we found that the minimal
attainable peak width with our IRMS inlet system was 124 ms.
Our data do not address the possibility that this is a fundamental
property of the IRMS ion source or whether residual volumes
within the vacuum could be reduced and further optimized. These
and other modifications could yield even sub-200 ms peaks
amenable to even faster GCC-IRMS applications.
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